is expected that selective forces are acting to maintain the current balance between mutation and selection, resulting average buffering capacity in a given sequence. We show frequent. that the buffering capacity ofcoding sequences in humans is in general higher than that of randomly generated Bias in codon usage has been attributed to the selection sequences and that of shifted reading frames. Highly towards a more efficient translation model. This suggests expressed genes are shown to have an even higher codon usage in highly expressed genes is biased toward buffering capacity than non-housekeeping genes. This optimal codons corresponding to the more abundant result is to be expected due to the necessity of tRNAs. Such models take in consideration both the housekeeping genes. elongation rate and the translation accuracy [7;8]. In more recent studies [9;10], it has been shown that the codon
species from bacteria to mammals. A number of models include degree and timing of gene expression, codonhave been proposed to show this bias as a balance anticodon interaction, transcription and translation rate between mutation and selection. Most of these models and accuracy, codon context, and global and local G+C emphasize controlling the speed of protein translation content. from the mRNA and increasing the accuracy where this Bias has been reported on nucleotide abundance in the bias is dependent on the abundance and properties of the three codon positions, dinucleotide usage, and di-codon available tRAVA. In this work, codon usage bias in general usage within coding regions [6] . The authors reported that is considered from a different angle based on a new G is the most frequent nucleotide at codon position 1 hypothesis where selection is expected to act in a (32%) while A is the most frequent at position 2. GA is direction to favor codons that are more buffered, or found to be unusually high at position (1,2) reflecting the protected, from mutation than those more sensitive to high usage of acidic amino acids. TA is the most mutation. It is anticipated that the more buffered the infrequent dinucleotide beginning at position 1, reflecting original coding sequence, the higher the survival chance the avoidance of stop codons. In addition, CG and TA are for the whole organism since the resulting protein strongly avoided at position (3,4) (inter-codon junction). sequence remains unchanged Two different The di-codon GTC.GAA was found to be highly complementary measures are developed to compute the underrepresented while the di-codon GCG.GCG was average buffering capacity in a given sequence. We show frequent. that the buffering capacity ofcoding sequences in humans is in general higher than that of randomly generated Bias in codon usage has been attributed to the selection sequences and that of shifted reading frames. Highly towards a more efficient translation model. This suggests expressed genes are shown to have an even higher codon usage in highly expressed genes is biased toward buffering capacity than non-housekeeping genes. This optimal codons corresponding to the more abundant result is to be expected due to the necessity of tRNAs. Such models take in consideration both the housekeeping genes. elongation rate and the translation accuracy [7;8] . In more recent studies [9;10] , it has been shown that the codon sequences than randomly generated sequences. In evolutionary age [17] .
addition, this capacity is greater than the buffering None of the previously mentioned factors manage to capacity for the same sequences shifted by one or two provide a complete explanation for codon bias. It is likely nucleotides. A separate observation shows a difference in that all of these forces work together competitively with buffering capacity between housekeeping and nonselection, organelle and organism specificity to produce housekeeping genes in the human genome. the current bias found in every gene and every genome. We propose a different force that could play a role in 2. Methods selection toward the current bias.
Point mutations are events occurring at a single Two measures combining the mutational probability and nucleotide as a result of an insertion, deletion, or the consequence of the mutations were constructed in substitution. If only substitution events are considered in order to derive an estimate of the buffering capacity and a codon, the degeneracy of the genetic code allows for a mutational tolerance in a given coding region. The first single nucleotide conversion to result in a codon buffering measure estimates the average probability of representing the same amino acid, a different amino acid codons in a given sequence mutating into stop codons, (missense mutation), or a stop codon (nonsense mutation).
thus producing nonsense mutations. The buffering Since mutational events are going to occur, it is only capacity, B1, of a given codon Ci is computedusing: logical that natural selection will favor substitution 9 mutations in codons resulting in the same or similar B1 (Ci) = Cost(C* C).
( Nucleotide substitution rates recently published [22] were been shown to provide high tolerance to mutations or used for the values of Pij. These rates were gathered by translation errors [18] [19] [20] . In [20] the consequences of the mutations in the given sequence.
Teocurnof a stop codon mutation is given a
The first measure considers the probability of nonsense penalty of -1 weighted by the probability of the mutationsoccurring within a codon while the second corresponding nucleotide substitutions occurring. As a mutations occurrina within a codon while the second mesre th probblt of mises muaios taking result of equations (1) and (2) The similarity matrix employed in (3) and described in more detail in [20] gives similarity values ranging from -/1000
5 as most dissimilar to +7 as most similar which is the -similarity of the amino acid to itself. As a result, a -mutation causing a change to the same amino acid or similar one will increase the score in (3) while mutations -15 -13 -11 -9 -7 -5 to dissimilar amino acids will decrease it. Therefore, a high score in (3) represents high buffering capacity while Figure 1 . Buffering of all genes from becoming a stop a low score indicates sensitivity to missense mutations.
codon. X-axis: buffering capacity (equations 1 and 2); y-axis: total number of observations.
Coding Sequence Data
A comparison of the buffering capacity of the 439
For the purpose of this study, human gene sequences housekeeping genes to the rest of the genes reveals a from GenBank build 35.1 [23] were downloaded from the propensity for housekeeping genes to have higher human Exon-Intron Database (BID) [24] from the website buffering capacity in general (Fig. 2) . The difference http://hsc.utoledo.edu/bioinfo/eid/. 16,800 human genes in between the two distributions is found to be significant by this dataset were considered. These sequences were two samples statistical t-test at (P<0.05). further filtered to exclude genes whose nucleotide striking, showing that the actual reading frame is far more mutations than their random equivalents, they are also buffered than the shifted frames contained within them more buffered than non-housekeeping genes ( Figure 4 ).
( Fig. 7 and 8 ). We find that 84.7% of the time the actual Furthermore, figure 3 shows the buffering of random reading frame has a higher buffering capacity than both of sequences that were generated with all even codons and the two alterative frames for nonsense mutations (Fig.   amino buffering. This in turn plays a role in codon usage bias. Fig. 6 . Buffering of housekeeping gene coding regions Furthermore, the higher buffering found in highly in all three reading frames from missense mutations.
expressed, housekeeping genes is consistent with our X-axis: buffering capacity (equations 3 and 4); y-axis:
hypothesis. This is to be expected, since the functionality total number of observations. of those genes is more critical in the day-to-day functioning of the organism.
5. Discussion and the actual reading frame against the two shifted Club for important insights and feedback. We would also frames in non-sense and missense mutations buffering like to thank the anonymous reviewers for their time and separately. The difference was significant in all cases with efforts. (P-Value<0.05). A paired t-test was also performed to This projectwas made possible byNIH-NCRRgrant compare buffering capacity in random sequences with the P20RR16481 and NIH -NIEHS grant P30ES014443. Its same amino acid usage bias as the natural sequences contents are solely the responsibility of the authors and do against all random sequences. Surprisingly the difference not represent the official views of NCRR, NIEHS, or in the buffering to missense mutation was found to be NIH. significant while the difference in the non-sense mutation buffering was not significant with (P-Value<0.05).
respect to chromosome banding patterns and chromosome numbers; relation between
